ABSTRACT In this paper, the model-based adaptive control combined with a continuous robust integral of the sign of the error (RISE) feedback strategy is presented for the trajectory tracking control of an autonomous surface vessel (ASV) subject to parametric uncertainties and time-varying disturbances. The control objective is to achieve asymptotic tracking and guarantee the transient tracking performance simultaneously. An adaptive feedforward term is used to compensate for the parametric uncertainties, and the effects generated by external disturbances can be overcome by a gain of the error sign term (a part of the RISE feedback term). In the previous RISE-based feedback control, the upper bounds of disturbances and their time derivatives are often required to be known, while the requirement is relaxed, in this paper, by rendering the gain of the error sign term adaptive. It should be noted that the adaptive gain of the error sign term adjusts automatically until it is sufficient to compensate for the disturbances, which helps to reduce the control effort. Moreover, the prescribed performance control technique is introduced to provide the transient performance specification of the tracking error, which guarantees the tracking performance and improves the robustness of the control system. Based on the backstepping procedure and the Lyapunov stability analysis, asymptotic trajectory tracking with transient tracking performance is theoretically guaranteed, and all the signals are shown to be bounded. The effectiveness of the proposed control scheme is demonstrated through the numerical simulation results.
I. INTRODUCTION
Over the past decades, the nonlinear motion control theory of autonomous surface vessel (ASV) has received considerable attention in marine technology and control engineering motivated by its extensive applications such as transportation, environmental surveying, monitoring, and many other military and commercial applications [1] - [4] . A typical
The associate editor coordinating the review of this manuscript and approving it for publication was Chenguang Yang. motion control problem of ASV is trajectory tracking, and the accurate trajectory tracking (asymptotic convergence of the tracking error) plays a key role in accomplishing the predefined tasks [5] , [6] . Unfortunately, it is extremely challenging to achieve asymptotic trajectory tracking in the presence of system uncertainties and external time-varying disturbances, where the uncertainties and disturbances may even result in poor tracking performance [7] - [9] . Based on the identified model, an adaptive control algorithm combined with the dynamic surface control method is proposed to VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ handle matched and unmatched uncertainties simultaneously, with the size of the ultimate bound of the error signals being adjusted by the deadzone width [10] . In [11] , an adaptive algorithm is proposed to estimate the upper bounds of the uncertainties and external disturbances, which obtains ultimate boundedness result. To achieve asymptotic tracking performance, the robust integral of the sign of the error (RISE) feedback method, originating in [12] , [13] , is developed to yield asymptotic convergence of the tracking error, which could compensate for uncertainties in the system through the RISE feedback term. Compared with the discontinuous sliding mode control [14] , the RISE feedback control method yields a continuous controller, which does not suffer from the limitations such as the demand for infinite bandwidth and chatter. Generally, the single RISE feedback control may result in a high-gain controller in order to compensate for system uncertainties and disturbances simultaneously, which means more control effort and degraded performance. To reduce the control effort, the RISE feedback strategy incorporated with adaptive control is applied in [15] , [16] , where the adaptive feedforward term can be used to compensate for system uncertainties instead of just relying on the RISE feedback term. It should be also noticed that the upper bounds of the external disturbances and their time derivatives are often required to be known a priori in the previous RISE-based control scheme [6] , [15] - [18] , which are usually hard to obtain in the harsh environment. To relax the condition for the prior knowledge of bounds, the adaptive gain of the error sign term is developed to compensate for the effects generated by disturbances through an update rule [19] , [20] . Obviously, the adaptive compensation strategy for the external disturbances broadens the application scope of the RISE control scheme especially in the complicated marine environment.
Another challenge for the tracking control that we should pay attention to is the transient performance guarantee (i.e., convergence rate and maximum overshoot of the tracking error), which is of great importance to the control system. A guaranteed transient performance of the tracking error, namely, the faster convergence speed and the smaller overshoot, means more accurate operations as well as improved robustness. It is well known that presenting the detailed description of the transient performance is difficult through the traditional Lyapunov theory. In [15] , the adaptive feedforward term incorporated with the RISE feedback scheme yields an asymptotic tracking result for Euler-Lagrange systems despite the parametric uncertainties and external disturbances. In [21] , an adaptive backstepping controller is synthesized to handle the uncertainties and disturbances, which shows that the closed-loop tracking system is guaranteed to be asymptotically stable. While it should be noticed that the control algorithms proposed in [15] , [21] are unable to guarantee the transient performance of the tracking error. To address the problem of transient performance guarantee, the prescribed performance control (PPC) technique is proposed in [22] , [23] , which has been applied to the trajectory tracking control of a surface vessel [24] , [25] , underwater vehicles [26] , and robot manipulators [27] , [28] , as well as the formation control of unmanned surface vehicles [29] , [30] . However, it is worth mentioning that the proposed control methods in [22] - [30] can not achieve asymptotic convergence of the tracking error. Thus, there are still many problems to be settled.
In this paper, we address the problem of asymptotic trajectory tracking with guaranteed transient tracking performance for an ASV despite the presence of parametric uncertainties and time-varying disturbances. To achieve asymptotic convergence of the trajectory tracking error, the RISE feedback control strategy incorporated with model-based adaptive feedforward term is introduced to deal with parametric uncertainties and external disturbances. The condition that generally requires a prior knowledge for the upper bounds of disturbances and their time derivatives in the previous RISE-based feedback control has been relaxed by rendering the gain of the error sign term adaptive through an update rule, which reduces the control effort to compensate for the disturbances. To provide the transient performance specification of the tracking error, the prescribed performance control technique is introduced. Based on the backstepping procedure and the Lyapunov stability analysis, asymptotic trajectory tracking with transient tracking performance is theoretically guaranteed, and all the signals are shown to be bounded. Compared with the existing results, the main contributions of this paper concentrate on: (1) In contrast to the uniformly ultimate boundedness result obtained by applying the adaptive control technique [10] , [11] , the proposed RISE-based adaptive control strategy can achieve asymptotic tracking in spite of the system dynamic uncertainties and the time-varying disturbances. In addition, the controller is continuous, thus, it does not suffer from the limitations such as the demand for infinite bandwidth and chatter appeared in the discontinuous sliding mode control technique [14] . (2) The gain of the error sign term is rendered adaptive to compensate for the disturbances through an update rule, which brings benefit that the prior knowledge of the upper bounds of disturbances and their time derivatives often required in the previous RISE-based feedback control scheme [15] - [18] is no longer needed. (3) In comparison with [15] , [21] , the proposed control strategy can guarantee the transient performance of the tracking error. More specifically, the convergence speed of the tracking error is faster than a prescribed speed, and the maximum overshoot is smaller than a predefined constant, which also mean an improved robustness for the controller.
II. PROBLEM FORMULATION AND PRELIMINARIES

A. ASV DYNAMICS
For the motion description of a 3 degree-of-freedom ASV, the earth-fixed frame X e O e Y e and the body-fixed frame x b o b y b are defined and shown in Fig. 1 , and the ASV kinematics is described bẏ
where η η η = [x, y, ψ] T denotes the position and orientation of the vessel in the earth-fixed frame with position (x, y) and orientation (yaw angle) ψ; ν ν ν = [u, υ, r] T denotes the corresponding linear and angular velocity in surge (u), sway (υ), and yaw (r) in the body-fixed frame; and the rotation matrix J(η η η) is
The kinetics of the ASV in the presence of parametric uncertainties and time-varying disturbance is given by [31] :
where M is the symmetric positive-definite inertia matrix; C(ν ν ν) denotes the total Coriolis and centripetal acceleration matrix; D(ν ν ν) represents the hydrodynamic damping matrix; τ τ τ is the control inputs and τ τ τ d is external time-varying disturbances (induced by wind, waves, and ocean currents, etc.). The matrices M, C(ν ν ν), and D(ν ν ν) in (2) are given by
whose coefficients are uncertain due to modeling uncertainties.
B. PRESCRIBED TRANSIENT PERFORMANCE
Let the trajectory tracking error
where 
with
where e 1i and e 1i are designer-specified boundary functions and the parameters e 1i,0 , e 1i,∞ , κ 1i , e 1i,0 , and e 1i,∞ are positive and designer-specified with e 1i,∞ < e 1i,0 and e 1i,∞ < e 1i,0 . If the functions e 1i and e 1i are taken as exponentially decaying functions (e.g., equation (5)), then the condition (4) is referred as the prescribed performance constraint, and e 1i , e 1i given in (5) are referenced as performance functions [22] . Control Objective: Under Assumptions 1-3, consider an ASV described by systems (1) and (2), the control objective is to design the feedback control law τ τ τ such that:
i) The system output η η η tracks the desired trajectory η η η d asymptotically (i.e., e 1 → 0 as t → ∞), and all signals in the closed-loop system are bounded. ii) The prescribed transient performance of tracking errors in the sense of (4) and (5) is guaranteed.
III. RISE-BASED ADAPTIVE CONTROL DESIGN
Considering the tracking errors e 1i subject to the time-varying prescribed performance constraint (4) with (5), in this section, we present a constructive design technique of adaptive controller that achieves asymptotic trajectory tracking with guaranteed prescribed transient performance. The control design is developed in a composite manner which combines PPC methodology, RISE feedback strategy, backstepping technique, and Lyapunov synthesis.
A. TRACKING ERROR TRANSFORMATION
It should be pointed out that guaranteeing prescribed performance (4) with (5) is a challenging problem through classical control Lyapunov synthesis. Motivated by tracking error transformation method [22] , we transform the constrained tracking control problem into the stabilization of a VOLUME 7, 2019 transformed error system. Define the following error equation
where z 1i is termed as the transformed error, T i (z 1i , γ ei ) is termed as the error transformation function [22] . Here, T i (z 1i , γ ei ) is a smooth and strictly increasing function with respect to z 1i and satisfies the following property
with γ ei = e 1i /e 1i , and L ∞ denoting the bounded function space. In this paper, a typical candidate for the transformation function T i (z 1i , γ ei ) is taken as
which satisfies the property presented in (7). It follows from (6) and (8) that
where ln(·) represents the natural logarithm. Differentiating (9) with respect to time giveṡ
where
> 0
ė 1i e 1i (e 1i + e 1i ) +ė 1i e 1i (e 1i − e 1i ) . (10) can be rewritten aṡ
B. ERROR SYSTEM DEVELOPMENT To facilitate control development, an earth-fixed representation of the dynamics can be generated by applying kinematic equation (1) to system (2) as follows
Step 1: For the tracking error systems (3) and (11), the backstepping design is developed using the following coordinate transformation
where α α α v is the virtual control, and
Substituting equations (1) and (13) into (11) yieldṡ
For system (14) , the virtual control could be taken as
with K = K T > 0 being a design parameter. Substituting (15) into system (14) giveṡ
Step 2: Consider the dynamic system (12) and the time derivativeż 2 =ν ν ν −α α α v . Pre-multiplyingż 2 by the inertia matrix M yields
is available for feedback control input. To facilitate the stability analysis, an auxiliary tracking error is defined as follows
where α > 0 is a design parameter. It is worth pointing out that the auxiliary tracking error z 3 is unavailable for feedback since it contains the unavailable signalν ν ν (see Remark 1). Premultiplying (19) by the inertia matrix M and using equations (1), (17) and (18), we obtain the following equation
and
is the desired regression matrix that contains the functions η η η d ,η η η d , andη η η d , which are bounded and known using Assumption 3, and θ θ θ ∈ R 9 is an uncertain parameter vector with
where c d and s d denote cos(ψ d ) and sin(ψ d ), respectively.
Remark 1:
The acceleration signalν ν ν is often difficult (or too expensive) to obtain in practical applications [17] , [32] . Consequently, we assume that the acceleration signalν ν ν is unavailable for feedback control inputs. In this sense, our design technique could bring the merits of simplified controller implementation and low cost in practical applications.
Remark 2: The purposes of dividing (20) into two parts S and d θ θ θ are to avoid using the unavailable signalν ν ν in controller implementation and to facilitate the stability analysis. After an equivalent kinematic transformation and recombination for the terms in (20) , it can be seen that the term S in (21) is a function of errors, the vector θ θ θ consists of unknown constant system parameters, and d contains known functions. The advantage of the kinematic transformation and strategic grouping is that the term d and its first and second time derivatives incorporated into the RISE-based adaptive controller (23) are available from Assumption 3, which effectively avoids usingν ν ν in the controller implementation.
C. CONTROL DESIGN
Consider the tracking error system (20) . Combining adaptive feedforward term with RISE feedback term, we could design the following feedback control law
with the RISE feedback term µ µ µ being
whereθ θ θ is the estimate of θ θ θ with estimate errorθ θ θ =θ θ θ − θ θ θ, k s is a positive design parameter,β denotes the estimate of the unknown constant gain β with estimate error β =β − β, and sgn(·) is the signum function. Following the adaptive control technique [33] - [39] , the parameter update law forθ θ θ is designed aṡ 
The adaptive update law forβ is taken aṡ
where k b is a design parameter and z 3 given in (19) is unavailable for feedback. Integrating (27) by parts leads tô
Assume that the error z 2 switches its sign at countable instants t i,j , i = 1, 2, 3, j = 0, 1, · · · , n − 1, where n ≥ 1, i.e., z 2i (t i,j ) = 0, and sgn(z 2i (σ 1 )) = sgn(z 2i (σ 2 )), ∀σ 1 , σ 2 ∈ (t i,j , t i,j+1 ). Let t i,0 = 0 and t i,n = t, and then equation (28) becomeŝ
From (26) and (29), it is clear that the parameter estimatê θ θ θ and the gain estimateβ do not depend on the unmeasurable signal z 3 and thus could be implemented in feedback controllers. Fig. 2 shows the RISE-based adaptive control structure for an ASV.
Remark 3:
In comparison with [15] , the gainβ in (24) is designed as an adaptive parameter instead of a constant, which can be used to compensate for the disturbances while without knowing the upper bounds of the disturbances and their time derivatives. That is, the condition for a prior knowledge of bounds required in [15] is relaxed, which obtains the merit of the reduced control effort. In fact, the gainβ adjusts automatically until it is sufficient to offset the effects generated by the disturbances.
Substituting the controller (23) into (20) yields
whose time derivative along (21), (22) and (24) is given by
VOLUME 7, 2019 FIGURE 2. The RISE-based adaptive control structure for an ASV.
The time derivative of the RISE feedback term µ µ µ is given bẏ
where equation (19) is used. Note that (31) can be rewritten as
Remark 4: According to Remark 2, it is easy to find that the termÑ in (34) consists of the terms of error. Based on the Mean Value Theorem [13] , the termÑ can be developed by an error-dependent upper bound function. The other term N d in (35) and its time derivative are upper bounded by unknown constants from Assumption 1, with the upper bounds estimated by the adaptive gain of the error sign term (24) . That is, the termsÑ and N d are dealt with in different ways, which can contribute to the subsequent stability analysis.
In a similar manner as [13] , the Mean Value Theorem is used to develop the following upper bound for (34) as
T and ρ(·) is a positive globally invertible nondecreasing function. From Assumption 1 and (35), the following inequalities can be developed
where ζ 1 and ζ 2 are unknown positive constants.
IV. STABILITY ANALYISIS
In this section, we will analyze system stability and perform transient performance analysis of the closed-loop adaptive system. The following theorem shows that the proposed RISE-based adaptive controller guarantees the boundedness of all the signals in the closed-loop system and asymptotic tracking performance with prescribed transient behavior.
Theorem 1:
For the closed-loop adaptive system consisting of ASV model (1) and (12) satisfying Assumptions 1-3, and adaptive controller (23) with the RISE feedback term µ µ µ given in (24) and the parameter estimates (26), (29) , if the design parameters K, β, α are chosen such that
where λ min (·) is the minimum eigenvalue of (·), and = min{ 1 , 2 , 3 }, = max{ 1 , 2 , 3 } with positive constants i , i , i = 1, 2, 3 satisfying i < i < i , and J is a positive constant satisfyingJ ≥ J , then (i) the tracking errors e 1i , i = 1, 2, 3 converge to zero asymptotically, i.e., lim t→∞ e 1 (t) = 0, while all signals in the closed-loop system are bounded; and (ii) the prescribed transient performance of tracking errors in the sense of (4) and (5) is guaranteed. Proof: (i) Following [16] , the auxiliary functions P and L are defined as
Provided the unknown constant control gain β satisfies the condition (38) , the following is to show that P ≥ 0 holds. Integrating both sides of (40) yields
Substituting (19) into (41) we can obtain
where the equation
holds. Then, substituting (43) into (42) yields
According to (44), the following inequality can be obtained
Based on the inequality (37) and the condition of control gain β given in (38) , the inequality (45) can be simplified as
Therefore, inequality (46) can be used to conclude that the auxiliary function P in (39) satisfies P ≥ 0. Let ϑ ϑ ϑ ∈ R 9+9+2 be defined as
Then, consider the following Lyapunov function candidate
with V (ϑ ϑ ϑ) : D × [0, ∞) → R being a continuously differentiable positive definite function, which satisfies the following inequalities
with U 1 (ϑ ϑ ϑ), U 2 (ϑ ϑ ϑ) being positive definite functions given by
where λ max (·) represents the maximum eigenvalue of (·).
Taking the time derivative of (48) and utilizing equations (16), (19) yielḋ
Substituting the derivativeṖ = −L and equations (25), (27) , (32) , and (33) into (50), then (50) can be further simplified aṡ
By completion of squares, we have
Using the inequalities (36) and (52), the expression (51) can be upper bounded bẏ
2J 2 , 1}. After completing the square for the last two terms in (53), the following inequality holdṡ
with U (ϑ ϑ ϑ) = γ z 2 being a continuous positive semidefinite function for some positive constant γ satisfying
where the size of the domain D can be expanded by increasing the value of k s . The inequalities in (49), (54) can be used to
, (19) and (27) . Due to the boundedness of θ θ θ, β, we havê (24), (32) . Consider the Assumption 3, it is clear (15), (16), (25) , and ν ν ν ∈ L ∞ in D from (13) 
Notice the boundedness ofθ θ θ, d and µ µ µ, the control input τ τ τ in (23) satisfies τ τ τ ∈ L ∞ in D, and the boundedness of η η η, ν ν ν,η η η, we have C(ν ν ν), D(ν ν ν)C(η η η,η η η),D(η η η,η η η) ∈ L ∞ in D from Property 1. Thus, we haveν ν ν ∈ L ∞ in D from (12) and Assumption 1. By differentiating both sides of equations (1), N ∈ L ∞ in D from (31), (34) . Sinceż 1 ,ż 2 ,ż 3 ∈ L ∞ in D, it should be noticed that U (ϑ ϑ ϑ) is uniformly continuous in D based on the definition of U (ϑ ϑ ϑ) and z. Therefore, all signals in the closed-loop system are bounded.
Let S ⊂ D denote a set defined as
where ξ = min{ 
Based on the definition of z and equations (6) and (7), (56) can be used to show that
(ii) From the boundedness of z 1 proved in (i), it can be seen that z 1i (i = 1, 2, 3) is bounded. Thus, the tracking error e 1i satisfies −e 1i < e 1i < e 1i according to equations (6) and (7), which indicates that the tracking error performance constraint (4) with (5) is guaranteed. This completes the proof.
V. NUMERICAL SIMULATION
In this section, a numerical simulation on CyberShip-II model [31] is performed to show the control performance of the proposed RISE-based adaptive controller. The CyberShip-II model can be described by systems (1) To intuitively portray the trajectory tracking, the desired trajectory is selected as
which is a circle with radius of 10 m. After an equivalent kinematic transformation and recombination for the terms (20) , the modeled known
and uncertain system parameters vector θ θ θ ∈ R 9 are given as T which can be obtained by the integral (26) on the adaptive update law (25) . The prescribed performance functions are taken as e 11 = e 11 = e 12 = e 12 = e 13 = e 13 Simulation results are shown in Figs. 3-6 . The tracking errors e 1i (i = 1, 2, 3) along with the prescribed performance functions are depicted in Fig. 3 . It can be seen from Fig. 3 that the tracking errors e 1i asymptotically converge to zero with maximum overshoot less than 1.5 and convergence speed faster than the exponential function exp(−0.1t). The boundedness of the control gain estimateβ and the control input τ τ τ are presented in Fig. 4 and Fig. 5 , respectively. As shown in Fig. 6 , the actual trajectory of the ASV tracks the desired trajectory successfully despite the presence of parametric uncertainties and time-varying disturbances.
VI. CONCLUSION
This paper illustrates that the RISE feedback control scheme incorporated with a model-based adaptive feedforward term can achieve asymptotic trajectory tracking with guaranteed transient tracking performance for an ASV in the presence of time-varying disturbances and system parametric uncertainties. To improve the transient performance of the tracking error, the prescribed performance control and error transformation techniques are introduced. Different from the previous constant gain control in the RISE feedback term that requires the known upper bounds of disturbances and their time derivatives, the adaptive gain of the error sign term is applied to overcome the effects generated by disturbances through an update rule, which helps to relax the requirement for a prior knowledge of the bounds as well as reduce the control effort. Based on the backstepping procedure and the Lyapunov stability analysis, asymptotic trajectory tracking with transient tracking performance is theoretically guaranteed, and all the signals are shown to be bounded. Opportunities for future work include extensions of this work to cooperative control for multiple underactuated vessels.
